
AD-751  572 

ASPECTS  OF   MECHANICAL  BEHAVIOR  OF   ROCK 
UNDER   STATIC  AND CYCLIC   LOADING.     FART  B. 
MECHANICAL  BEHAVIOR   OF   ROCK   UNDER  CYCLIC 
LOADING 

Be/a lei  C .   Ha im son 

Wisconsin  University 

Prepared  for: 

Bureau  of  Mines 
Advanced  Research  Projects Agency 

September   1972 

DISTRIBUTED BY: 

mi\ 
National Technical Information Service 
U. S. DEPARTMENT OF  COMMERCE 
5285 Port Royal Road. Springfield Va. 22151 



NGiNEERING EXPERIMENT 
STATION 

-^.r-...     .        ., ... 

•Atnt^u^ . ^ 



c 3?00.ß (All   1   to Encl 3; 
Mir 7.  60 

DlK-U.MI III COfMKOL DATA    K &0 
'f •'   ■      '••■' •■•.' • «  •* It  en-. *, .f . 

SSLS^'"
1
 

M1"r"1 E~8 r»"^ :"-i 
1   m i-o<. i   ii T 

A1 ^r:; L- it; s: ä:ä- —t.. 
••« ••."• • >,,-. -i ..,•.,, .„j,.,,,. 

4^:*?^. ««I'°K ^x^ j .IAÜ^^^S^ __ 

J^czalelC.  Haioson 

September  1972 
"-.< : ."",-,•. r.rr-,-r:;  

HÜ220041 

1579,  Anmendment 3 

' mti » i ION »• * i i k.i . 

e<,.,.,s.   ... ■•,   , „—-V,~7  

\t   .> 1 I. ( I. I,, 
l/l»» Itf.-ltf ' ' f.#» t -p i. *w, 

Distribution of this document 1. unlimited 
11    t^ »■■•- -   ' i «Mr t. ) ( , ^    *' — ——»_,  

• *    A c 1iVI| r 

ARPA 

cT
T^rar L0:^1-itui^10-1 :rroTock T-——^ i 

LMMJ!!^08 Wa8 in^lated.    Alllickff'^S"" of/ycllc biaxial co.npre^ 
exhibited cyclic fatigue characteristics In Loth,/an?8t0ne'  ll««««oo^ marble) 
exMM^ rren8tha of 55-70: within iSs! ^6^, ten8lLn f COT>P"««ion with 
exhibited substantial fatigue enduriL.      ?    ?y le8-    ^»"ed granite 
compression fatigue and  the^Sete s^esi". ^r""1"10"81'^ b'*™*" 
For  the same maximum stress cycUc «tress »nl ? J "^ ha3 btten d«on.tr«fd. 
life.     In particular,   indications are  ^^!^PUde8 appear  t0 affeet fatigue 
could b. „ost damaging.    ^ ^'.;rof1.brTPJe;'i?n"teMl0n Cyclic ^"^8 
locallred  m cyclic tension unlike rJi/ deterioration due to fatigue is 
entire body subjected  "X^tl^. ^LC0aPrM'l0n ^^ ^ aff8Ct8  ^ 
the results obtained  thus f^"lt J. „cl^U a P"-""1 application of 
the established static stren»t'h  L" rec<>™end*l  that a value equal  to 50Z of 
su-uctures in    intac^hard rock A"? ^ ^^ be U8ed '* *"Z o 
Btatlc    dynamic or cyclic stresses      The Siw  8tren8th th« «"an withsLnd 
be used  to determine m«imum all^hil     C0,nPlet* • tress-strain curve could 
fatigue.    The fatigue «trSLh «^2 <? ********* deformation prior to cvclir 
designing underground stLXes ^ "^ ah0uW not be °verJooked in    ' 

DD.'^Ry:; 
Sccur.l» C U<.vilK-tlw, 



I 

- 

ll 

li 

] 

■ 

j 

: 

■ 

Wrutiff    (   I  IN^Tfl,   4's   tfl 

32OO.0 (Alt  I  to Fr.ol l) 
'   Kar 7, 66 

«e ♦ «OKOI 

Rock Mcchanlca 

Fatigue in Rock 

Cyclic Load lag io Rock 

S-N Cur/en 

Complete stress-strain Carves 

l^Ll-_l__^ 
• "' I     »lu^ «» r        '    * .   .  f ». 

M 
ircvtur Clm.'i- .i.-.n 



1 
1 

.. 

• - 

i 

ASPECTS OP MECHANICAL  BEHAVIOR OF ROCK UNDER 

STATIC AND CYCLIC LOADING 

PAtT_B:    HECHANICAL BEHAVIOR OP ROCK UNDER CYCLIC LOADING 

SQII-ANNUAL TECHNICA1   PROGRESS REPORT 
Scptcaber 1972 

by 

B. C. Halawon (Co-Principal Investigator with 
R. U. Hclnn) 
(608)-262-2563 

Departacnt of Metallurgical and Mineral Engineering 
and the 

Engineering Experiment Statlor 
College of Engineering 

The University Of Wisconsin 
Madlaon, Wisconsin 53706 

Sponsored by Advanced Reaearch Project Agency 

ARPA Order No. 1579, Amendment 3 
Program Code No. 2F10 
Contract No. H0220041 

Contract Period: March 1972 through April 1973 
Total Amount of Contract: $50,000 

Olaclalaar: 
The view« and conclusions contained in this document are those of 
the author and should not be interpreted aa ^cessarlly representing 
the official policies, either expreaaed or Implied, of the Advc&cad 
Research Projects Agency or the U. S. GorernMnc. 



TABLE OP COWTEKTS 

PREFACE       1 

ACKNOWLEDGMEKIS  2 

LIST OP FIGURES  3 

SUW1ARY  j 

INTRODUCTION ,   #   # 7 

LABORATORY EQUIPMENT AND EXPERIMENTAL PRCCEDURES  ........ 9 

Reck Type« ,  9 

Apparatus       -...,... 9 
txperlacnt«!  Program    .   !   i 11 

EXPERIMENTAL RESULTS    13 

A - UNIAXIAL COMPRESSION 

Stress Controlled  Tests     ^ 
a. S-N Characteristics .*!!!.* 13 
b. Cyclic StrMi-Strain Behavior .*!!!!.' 17 
c. other Mcaaurencota  17 

Stress  Controlled  Testa with Variabl« Upper  Peaks   ['.','.'.', 17 
Straaa Controlled Tests of Failed Gijmite , 24 
Strain Controlled  Tests       ]   [ 24 

B - TRIAXIAL COMPRESSION 

C - UNIAXIAL TENSION 

S-N Characteristics  37 
The Effect of Lower Peak Streae .!..*.! 37 
Stress-Strain Behavior    .   !   ! 45 
ieteated   Specimen        .*!!!!! 45 
Microscopic   Examination .*!!!!.'! 48 

CONCLUSIONS  50 

FUTURE WORK  51 

REFERENCES  52 

i 



PREFACE 

This report covers ehe sccosipllehnenes of the third six-month period 
in the resesrch progrs« entitled "Mechanical Behevlor of Rock Under 
Cyclic Losdlng, B. C, Hslason - Principal Co-Investigator. The prograa 

,,L  c  ? ' proJect «ntltled, "Aspects of Mechanical Behavior of Rock 
Under Static and Cyclic Loading" Contract H0220O41). The report on 
Part A of the project Is published In a separate voluae. 
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consuming than preparing an S-N curve. K^nitorlng the amount of accumu- 
lated permanent deformation at a particular stress level (whether in a 
laboratory specimen or an underground structure) and comparing it with the 
allowable magnitude from the cmplete stress-strain curve could establish 
the stability condition and estimate the amount of cyclic loading that the 
rock ran still withstand. The shapo of the complete stress-strain curve 
could indicate the ranges of maximum stress for which the rock is more 
susceptible to fatigue effects. These are the regions of minimum allowable 
permanent strain, usually caused by those portions of the descending stress- 
strain curve having positive slopes. 

Experiments in uniaxial tension with different cyclic amplitudes for 
sane upper peak stress showed that the cyclic stress range considerably 
affects fatigue life.  In particular, the experiments implied that 
compression-tension cyclic loading could be the most damaging type. 

Previous investigation of the compression fatigue mechanism showed 
that the process of cumulative damage was spread through the entire specimen. 
In uniaxial tension fatigue, however, fabric changes due to cyclic loading 
appear to be very localized, i. e., a few of the more crucial existing 
microcracks slowly enlarge until one gains on the others, propagates and 
splits the specimen. Other than the very close vicinity of the rupture 
plane no changes were observed in the internal structure of the rock. 
The implication here is that, unlike compression fatigue, impending 
tensile fatigue failure may give little warning in terms of deformation 
away from the critical flaw. 

In conclusion, it is felt that the basic mechanical response of 
hard rock to cyclic loading ha;.« been established. Additional work, i.e., 
triaxial compression and tension-compression will complete the investigation 
of fatigue effect under the must coamon loading renditions encountered in 
the field. More micvoscopic, acousti; emission and photomacrographlc 
studies «ire to be conducted to determine the Internal fatigue mechanism. 
The reaction of non-Jntaci. rock to fatigue loading will be further studied. 

' 
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INTKODUCTICN 

Rock tomatlons as well •■ rook acructur«* arc conti^ally aubjacted 
Co both  static and dynaalc loada.  Static loads result from auch sources 
aa tectonic forces and the weight of the overlying rock. Dynamic loada 
are continually propagated through natural '»Ibratlona of the earth crust: 
and Intemlttently applied by major earthquakes, rock bleating, drilling, 
traffic, etc. The aechanlcel behavior of rock under atatl: loading haa 
been thoroughly Investigated. However, rock reaction to the cyclic, 
pulsating streases reaultlng from dynamic loada haa been generally neglected 
with the exception of a few rather Halted studies. It la a known fact Chat 
cyclic loading often causes a material to fall pranaturely at a stress level 
lower than Its determined strength under mono tonic conditions. This 
phenomenon Is commonly termed "fatigue". Tunnel walls, excavation roofs 
and rlba, bridge abutments, dam and road foundations are only a few of the 
rock structures that can be weakened by repetitive loading. Better under- 
standing of cyclic fstlgue mey assist the engineer in preparing a more 
rational design that will eliminate premature failure«. On the other hand, 
knowledge of fetlgue character is tic« mey help Improve rock breaking methoda, 
e.g., drilling and blasting. It Is, therefore. Imperative that the effect 
of pulsating »tresses on rock is fundamentally studied with the ultimate 
goal of deriving prartlcal applications. 

Such a study la now underway at the l'mversitv of Wisconsin, and the 
present report covere the third six-month period of a three year program 
to inveetlgate the mechanical behavior of rock under cyclic loading. In 
the first year (1) a thorough literature survey was carried out and an 
extenalve experimental invest 1 Ration wes initiated.  White Tennessee marble 
and Indiana limestone were tested under cyclic unlaxlal compression, Pink 
and White Tennessee marble were tested under cyclic tension. 

The main results of the first year program were: 

1. All tested rocks wets weakened by cyclic loading whether under 
compression or tension, if the lower peek load was near zero, 
and the upper peak load waa held at a level above a threshold, 
typical to the particular rock. The threshold appeared to be 
within the inelastic range of the stress-strain characteristics. 

2. Palled marble exhibited substantial strength under cyclic 
compression. 

3. In cyclic unlaxlal compression both the axial and lateral 
strains underwent lerge permanent strains (cyclic creep). 

— The average Younjfemodulus decreased during the test; the 
Polsson's ratio increased. The volumetric strain underwent 

** cyclic conpression dilatsney. 
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mMeTtl? 0?h.th* '^T rerilti * ***** of rr.ctlc.l •ppllc.tion. wer« 
~S 1^'    ^««"•ilftc.tlon was «uuJ*.  however,   thet »ore e.perlment.1 
«rk we.    needed  to  (.)  confIr. the obt.ined remilt« In othe/rock tyje. 

li SilSeiT^i'^jSS.^^ conflgur.tion. .«.   (c)  e^X.te JT"' 

D.rlJh«fPrKMnt ^POrt »OV*!S the '"^ P«^0"««* in the third .«■i-annu.l 
?!o l.?M       ,Pr0j;Ct;    R"Ult8 ■" P"-nted of cyclic f.tlguc .^1*^ 
two edditloiel rock« in unUxUl coepre.slon,  two eddltionel rocke In 
cyclic cenelon. end the lnltl.1 te.tlng under cyclic unl^.1 ™r„.t0„ 

. 

The «ount of cyclic creep between the flret cycle and fellure 
•PP.«r.d  to be lilted by the complete etree-.trein cu". 

Kebrlc analysis was conducted  In cyclic coapreaelon •peclmens 
u«lng etreae-etraln data, acoustic esilsslon. optical diffraction 
techniques, and a photclcrographic study.    The Indication was 
^ ■i"ocr*^ln«/0l^ted fro. the very first cycle, and 
eoae cycles thereafter.    A steady state period followed. 
ch«-acterl«ed «y a near stagnation in crack Initiation.    There- 
•tter e period of crsck extension and coaleacence, culalnated 
in propagation and faulting.    Within the above frame of fatigue 
■!^*rir:dli[fer*nC" *?" ob"rv«d ^t^n the non-porous .arble •nd the high porosity (14Z)  liaestone  (I). 



1 

I: 

LABORATORY EQUIPMENT AND EXPERIMEKTAL PROCUJUKES 

Rock Deacrlptlon 

The rocks tested during the reported ^tege of die program were 
Indiana limestone, Pink Tennessee marble, Betea sandstone and Westerly 
granite.  The first two rocks were described la  the annual report. A 
brief description of the other two follows: 

Berea sandstone la light gray In color, and consists of 992 quartz. 
It Is finely grained, vary porous i'A91),  and has visible bedding planes. 

Westerly »ranlte haa very lew porosity ('vlX) a .,1 fine grain else. 
It contains approximately equal amounts of quarts, mlcrocllne and plaglo- 
daae, and 5%  blotlte. 

Specimen Preparation 

All the specimens used In the present phase of the program were 1.0 In. 
In dlaocter, 2.S In. long and were prepared aa detailed In the annual 
report (1). 

Apparatus 

The two servo-controiled loading machines and the additional apparatus 
used In unlaxlal cyclic compression and tension testing were previously 
described (1). 

The trlaxlal compression cyclic testd were run In a specially constructed 
triaxlal cell using the MTS machine. The triexlal cell was built after 
modifying a design described by Peterson (2). It has a bore of 2.0 in. and 
the capability of applying up to 15,000 pal confining pressures to 1.0 in. x 
2.5 in. cylindrical specimens. Two 1.0 in. diameter pistons at either end 
of Che cell are rigidly connected by a yoke. The lower piston transmits 
the load from the hydraulic ram to the specimen. The upper piston is 
forced by the yoke to move with the lower piston, thus allowing the 
confining oil to maintain its volume ivprcximatel- constant 
The load from the specimen to the load cell la transmitted through the upper 
portion of the trlaxlal cell. Figure 1 Is a detailed cross-section of Che 
trlaxlal system. The variation of confining pressure wich time haa been 
monitored, and at 1,000 pal oil pressure 1C shows flucCuaclonaof i 30 psi 
per eye'e while maintaining the mean pressure constant at 1,000 pal. AC 
Che present no further Improvements are planned, but iC la believed that 
Che t  3t fluctuations have only a very limited effect on Che results. 
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A pr*S3ure gcneradng syatca ha« been built on m  mobile 2' x 3' 
tabl«, consisting of an "Enarpac" band punp for filling the call, e 
0-15/000 pal positive dlsplacenent pump for accurate pressuriratlon, a 
6" Uelsa gage, an accunulator whose purpose la to prevent varlatlomin 
confining pressure when the specimen deforms, and other valvea and 
acceaacrlaa (Fig, 2). A BLH 0-20,000 pal pressure transducer la directly 
connected to the trlaxlal call and provides accurate continuous pressure 
monitoring.  The longitudinal displacement of loaded specimens is measured 
Indirectly by two OCDT transducers mounted on the outride of the trlaxlal 
call. 

Experimental Proerain 

The objectives of the experimental program have been to (a) determine 
the mechanical behavior of rock under cyclic loading and provide data that 
la both basic and useful In engineering prsctlce, end (b) study the 
Internal mechanism that brings about cyclic fatigue. 

Three major typea of cyclic loading were used In the reported period, 
namely unlaxial compression, trlaxlal ronpreasion, unlaxlal tension. The 
details of the testing procedure In unlaxlal compression and tension csn 
be found in reference 1. The only difference between the unlaxlal and ihc 
trlaxlal compression    testing procedures was that In the latter,speci- 
mens were subjected to a ststlc confining pressure while cycling the vertlcsl 
load. The trlaxlal cell was so built that the removal of a failed specimen 
and the insertion of a new one could be done without removing the cell from 
Its rigid connection to the loading machine hydraulic ran.  Specimens were 
Jacketed with heat shrlnkable tubing and installed in the trlaxlal cell 
which was then sealed and brought into contact with the load call. The 
free annulua In the cell was filled wich hydraulic oil and pressurised to 
the desired level while keeping the vertical load at a magnitude equal or 
greater than that of the oil. The vertical cyclic loading waa applied as 
describee in the annual report. Strain monitoring was indirectly done 
through two D.C.D.T. transducers mounted on the outside of the cell (Fig. 1). 
The acoustic emission waa detected by attaching the piezoelectric transducer 
(1) to the outside surface of the trlaxlal cell. 
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EXPERIMENTAL RESULTS 

A - UNIAXI\L COMPRESSION 

The two rocks tested under the present program, Berea sandstone 
and Westerly granite, vere first loaded monotonlcally to determine 
their respective unlaxlal coapresslve strengths at loading rates equi- 
valent to "static" loading, 1 cps., 4 cps.  In both rocks there was a 
substantial difference In atrength between the "static" and the faster 
loadings (^20Z), but no difference was observed between the two cyclic 
frequencies (Table 1). 

Stress-Controlled leats 

In these tests the Independent variable was the axial load.  This load 
was progtanmed such that It followad a triangularly shaped cyclic function. 
The lower peak was kept constant throughout the progras at about 200 psl, 
the upper peak was kept constant during a test but varied from test to test 
when desired. The valuea first used for upper peak loads were those close 
to the aonotonlc compresslve strength for the rate comparable to the cyclic 
frequency (.sed.  Thereafter, the uprer peak values were lowered in steps 
of 32 or le. i until no failure was obtained In more than 106 cycles. The 
results are detailed In the following sections. 

(a) S-N Characteristics 

In the first annual report (1) It was shown that both Tennescee 
marble and Indiana limestone exhibited cyclic loading fatigue when loaded 
In strecs control. To confirm the results obtained two additional rock types 
were similarly tested under this year's program. Quantitative results In 
the form of S-N curves are given in Figs. 3 and A. Both the sandstone and 
the granite exhibited fatigue behavior, 1.«., they were weakened by repeti- 
tive loading.  Within the limit set for these tests (iO6 cycles) the fatigue 
strength was as low as 55Z in Berea sandstone and 60? in Westerly granite 
of the respective compresslve strengths. 

Although both rocks exhibited a definite weakening c       to cyclic 
loading, their S-N relationship was quite different,  in the sandstone a 
linear relationship seems to prevail (Fig. 3), while the best fitting curve 
for the granite could be divided Into three linear portions exhibiting a 
sharp drop in strength with cycling In the upper 2SZ, followed by a drastic 
strengthening and increased resistance to fatigue in the next 5Z and then 
again a rather sharp drop in the remaining 10Z (Fig. 4). A tempting specu- 
lation regardlr , the granite S-N curve is that it may be related to the 
complete stress-strain curve for the rock (3). In the post-failure cone 
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this curve is unstable and has a positive slope in its upper quarter, 
followed by a negative slope for a small portion of stress and continued 
again by a positive slope (Fig. 5). The extent of the tcp portion of the 
descending complete stress-strain curve may coincide with the top range 
of the S-N curve (for which less than 100 cycles are sufficient to 
bring about failure).  Similarly, the next two portions of the complete 
stress-strain curve appear to coincide with the continuation of the S-N 
curve. The implication suggested is that the extent of permanent strain 
exhibited by the complete stress-strain curve controls the fstigue life at 
different levels of meximui stress. Further observed phenomena which could 
be related to the complete stress-strain curve will be discussed In the 
following sections. 

A prsctical application derived from the S-N results obesined thus fsr 
is that in designing hard In'.act rock structures, th« fatigue strength st 
106 cycles conservatively taken as one half of the measured static rompresslve 
strength (Table 2), would pre vide projection not only against static and 
dynamic compressive loads but also against cyclic stresses such as encountered 
in earthquakes, blasting, etc. 

(b) Cyclic Stress-Strain Behavior 

The basic cyclic stress-strain behavior was not different from 
thot observed in previously tested rocks (1). Three stages (primary, steady 
state, tertiary) could always be identified in tests longer -han 10 cycles. 
The first cycle invariably yielded the largest hysteresis due probably 
to permanent closing of existing openings and cracks and initiation of 
microfreetures. As a result of the reduced porosity, the hysteresis in 
the granite was, however, very low ss compared to the sandstone. Typical 
stress-strain curves are shown in Figs. 6 and 7. 

The amount of strain difference between the upper peaks of the last 
and first cycles, the cyclic creep, was measured and the average values 
were plotted in ?igs. 8 and 9. Comparing the granite results with the complete 
stress-strain curves of a similar rock type as obtained by Waversik and 
Brace (3), it is noticed that similar to the two previously tested rocks 
(1), the cyclic creep at different levels of S is bounded by the ascending 
and descending portions of the stress-strain curve. In particular, the 
Class II character of Westerly granite is appsrent in Fig. 8. 

(c) Other Measurements 

Ac'dlt ional measurements related to stress controlled compression 
cyclic test^ are now at different stages of completion and will be presenttJ 
In the forthcoming ennual report. These will include data on lateral 
strain, volumetric strain, acoustic emission and microscopic examination. 

Stress Centre lied Tests with Variable Upper Peaks 

An attempt was made to study the loading path dependence in stress 
controlled tests. While keeping the lower peak constant, the upper peak 

■". 
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Figure 3. 
Co.p:.t. stre.s-.tr.ln curve« for We.terly Granite (after 

Wewerttlk and Brace). 
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Figure 6.    Typical stress vs. lateral and axial strain curves in 
stress controlled cyclic uniaxial compression—Berea 
Sandstone. 
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Figur« 7. 
Typlc.1 «r«. v..  l.t,r«l ^d wUl strain curves In stress 
controlled cyclic uniexi.l ccpression-Westerly    GrllnJte 
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BE RE A    SANDSTONE 

* lOOr 

STRAIN UlO/i Ins/in.) 

Figure 8.    Upper peak strain cyclic creep (permanent strain) for 
various stress levels—Bares Sandstone. 
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WESTERLY GRANITE. 

1 
4JO 6.0 8.0 

STRAINUIoVins./in) 

Figure 9.    Upper peak sfraln cyclic creep for varloiw screes levels 
Westerly Granite. 
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TABLE 3 

TYPICAL FATIGUE LIFE 
FOR IHTA^T AND FAILH) WESTERLY CTAMTTP 

Upper F«ak 
Cyclic Load 

(X tf Co«p. Strength) 

jf 
Fatigue Life 

of Intact Rock 
(cycles) 

80 10 

75 35 

70 10.000 

65 200,000 

Fatigue Life 
of Failed Rock 

(cycle») 

3 

22 

375 

4,700 

V 

: 

r 
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BEREA   SANDSTONE. 

^=225 

X N2« 238 
N»4400 

LEGEND: 
—Nf ■ N,-»-N2«463CYCLES 

— Nf « N «4400 CYCLES 

STRAIN (xlOVins/in) 

Figure 10.   Path dependence In stress controlled cyclic compression 
tests—Berea Sandstone. 
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N2»7825 
/-^-N« 465,300 

LEGEND. 

 Nf »NjfNg« 7850 CYCLES 

 Nf * N   « 465.300CYCLES 

STRAIN ix IC0/* ins./in.) 

Figure  11. Path dependence in stress controlled cyclic compression 
tests—Westerly Granite. 
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it allowed the lower p«ak stress to relax during cycling withouf reaching 
zero stress, in which case the speciaen would have lost contact with the 
loading platens. As in the stress-controlled tests, the number of cycles 
necessary to fatigue the rocks increased with the lowering of the upper 
peak strain.  Fatigue life versus maximum applied cyclic strain was 
plotted for both rocks (Pigs. 12 and 13) in the torn of E-N curves. 

The type of strain-controlled fatigue failure was significantly 
different fro« that encountered In stress controlled tests. In Berea 
sandstone failure was always alow characterized by crunbling at ehe out- 
side surface through a process similar to spelling. Continuous crumbling 
rapidly reduced the amount of peak stress and accelerated the cyclic stress 
relaxation (Fig. 14a). In some cases the specimens eventually failed, or 
'*ere considered failed when the amount of crumbling became excessive; in 
others they reached a kind of equilibrium that appeared to require for 
fatigue failure many more cycles than the 105 I^mlt  (Fig. 15).  In 
Westerly grsaite the type of failure depended on the range of upper peak 
strain, in the 90-100Z range fatigue failure occurred violently within a 
few cycles (Fig. 13) and with limited cyclic stress relaxation (Figs. 14b 
and 16). In the 75-90Z range failure was considerably slower, and was 
considered complete when chipping occurred at the surface. The relaxation 
was dominated by a steady-state stage (Fig. 14c), and later the amount of stress 
drop increased (Fig. 16). A.t 70Z and lower the fatigue process seemed to 
cease and no failure was obtained within more than 105 cycles, although 
considerable relaxation was observed. 

The type of failure and the amount of stress relaxation to failure 
could both be related to the complete stress-strain curve. Using the curve 
for Westerly granite (Fig. S) one can easily establish that in a strain 
controlled cyclic test, with the upper peak in the top 10-15% of the ascending 
curve, a relatively small amount of stress relaxation will cause the cyclic 
stress-strain curve to intersect the descending positively sloped section of 
the complete stress-strain curve. Additional cycling will carry the relaxa- 
tion to the outside of the curve thus causing a violent failure. When the 
process of fatigue failure is slow and seemingly endless, in both granite 
and aandatone, it is probably due to the need for the upper peak stress to 
reach the zero value before complete collapse. This is the case when the 
cyclic stress-strain curve does not intersect the descending pert of the 
complete stress-strain curve. 
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TIME (sees.) 

WESTERLY    GRANITE. 

RAPID   FAILURE 40J     SLOW   FAILURE 

TIME (sees.) 

Figure 14.   Typical «tress cyclic r.l 

TIME (sees.) 

axaclon curves. 
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a SLOW   FAILURE 

+ NO FAILURE 

AFTER I05 CYCLES 

l__l I I—I—I—L 
0   I0 2O3O4O5O6O7O8O9OIO0 

STRAIN {% OF 5J76 /i ins./ia) 

Fipure 15.   Upper peak stress drop at various strain levels—Derea 
Sandstone. 
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B - TRIAXIAL COMPRESSION 

For the purpose of achieving a closer simulation of real stress 
conditions undcrgroun4 ■ trlaxlal cell was utilised for the application of 
confining pressure to the cycllcly loaded specimens. The confining 
pressure was kept approximately cvstant during the tests while the 
vertical load was cycled as In the unlaxlal case. The specimens used so 
far where Intact unfalled granite. The fatigue reslstsnce under trlaxlal 
conditions was expected to be stronger then that of unlaxlally tested 
sanples (3). 

The only confining pressure attempted so far has been 1000 psl. Under 
this condition the "static" c /mpresslve strength of Westerly granite was 
50,500 psl. The value for which only one cycle waa needed to causafatlgue 
failure was 59,800 psl. Under stress-controlled conditions ♦ith constant 
lower peak stress (kept at 1500 psl, slightly higher than the confining 
pressure), the shape of the S-N curve (Fig. 17) is strikingly similar to 
that of the uniaxially loaded granite (Fig. 4). The only difference is 
that under trlaxlal conditions the whole S-N curve is lifted upward, i.e., 
fatigue life is increased for comparable values of maximum cyclic stress. 
The shape of the S-N curve, as in the aniaxial case can be related to the 
complete stress-strsin curve (3). The value of S - 80Z at which fatigue 
life increases considerably (Fig. 17) appears to coincide with the stress 
level st which the descending complete stress-strain curve turns from 
positively sloped to negatively sloped (Fig. 5), and thus requires perhaps 
more deformation, i.e., more cycles, before fatigue failure. 
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C - UNIAXIAL TENSION 

All cyclic tension tests were run In stress-control, at 1 cps. for a 
maximum of 10' cycles. In the previous annusl .«port (1) psrtisl remits 
were presented, based on the experimental work perinraed in White end Pink 
Tennessee marble.  In this report further results in marble end new work 
in Indiana limestone end Westerly granite ere described. 

S-N Chsrsceristics 

The S-N characteristics were determined by keeping the lower peak stress 
constsnt (about 50 pal tension) throughout the testing program sad varying 
the upper peak strefs fro« test to test. As expected in tension tssts of 
brittle materials, scatter wss rsther eevere. It did not obscure, however, 
the general trend of rock mechanical reaction to cyclic loading. 

In addition to the completion and correction of an already reported 
curve (1) (Fig. 18), two additional S-N curves were obteiaed (Pigs. 19 and 
20). Within the range of maximum cycles per test used (105 cycles) straight 
line approximations appear to best fit the experimental S-N points. Ths 
apparent dynamic tensile strengths of the three rocks, st s loading rate 
equivalent to 1 cps.. ss determined from the intercept of the S axis with 
the S-N curve, the fatigue strengths st 105 cycles sad the static strengths 
are given In Table 4. Due to the scatter involved, it appears that as s 
prsctlcal application of theae results, a value equal to 501 of the ststic 
tensile strength could safely be used es s more realistic strength value 
in the design of herd rock structures subjected to uniaxial tension (static. 

[1 

i. 

! 

: 

dynamic, or cyclic). 

The Effect of Lower Peak Stress 

A number of tests wars run on Indian« limestone and Westsrly granite 
to determine the effect of cyclic atreaa range on fatigue behavior. In 
both rocks the upper peak load was kept constant during these tssts (Pig. 
21), while vsrying the lower peek from test to test. The cyclic frequency 

T   !P!/t*1 fp•• In onm  ■*rlM of *•"• the "'••■ '«•• »«• ««ro, i. e.. 
the ststic fatigue strength was determined. In another series of tests the 
lover peak was extended into the compression tone. The results are given in 
Table 5 and Pig. 22. 

It la apparent from theae results thit as the stress «iplltude increases 
for the same uppar peak, the fatigue endurance capacity decreases. In 
psrtlcular. note e difference of two ordere of magnitude between the static 
and the cyclic fatigue life in the limestone, end the considersble weak 

lÜÄ^I?0*- bLth? frÄnlte "^ " *• ■*J«C««* to a tension-compression 
cyclic fatigue.  The large discrepancy between the Static and dynstic fatigue 
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TABLE 5 

EFFECT OF LOWER PEAK STRESS OM FATIGUE 
[H UNIAXUL TEMSIOH  

No. of 
Spec!»«!»« 

From 
s-N Curve 

5 

5 

Upper Peak 
Load (pal) 

5 

600 

MO 

600 

1300 

1300 

1300 

Lower Peak 
Load (pel) 

Stress Ranne 

(P«l) 

Indiana Ltaeetone 

50 

400 

600 

WMterlv Granite 

40 
(compression) 

50 

420 

550 

200 

0 

1340 

1250 

880 

Fatigue Life 
(cycles) 

14 

28 

110'. (seca) 

23 

380 

274 

i .. 
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reelles indicate that the mechanism of cyclic fatigue is baslcalW 
dii.c-rent from that of creep.  The sudden decrease in fatigue life when 
the lower peak stress goes into the compression zone indicates that 
tension-compression cyclic stresses may be most damaging and further 
work in that zone is contemplated. 

Stress-Starain Behavior 

Stress-strain behavior in cyclic tension is closely analogous to 
behavior in compression as described In the annual report (1). Probably 
the most outstanding feature of cyclic loading of rock is the large 
hysteresis loop in the virst cycle. In compression the ascending stress- 
strain curve of the first cycle is ordinarily concave in the lower half 
accounting for closing of existing pores and mierocracks. In tension the 
curve appears to be convex with a slope lower than the comparable on« la 
compression.  In the second cycle the strain at the lower peak load increases 
considerably more than at the upper peak and thus an apparent stiffening of 
the rock takes place. This effect is very pronounced in Indiana limestone 
(Fig. 23) but hardly noticeable in Pink Tennessee marble (Pig. 24). As 
cycling continues the upper peak strain increases at a slightly higher 
rate than the lower peak strain thus softciing the rock.  By the last 
cycle the average tangential Young's modules is approximately equal to 
that of the first cycle. In Indiana limestone the average value for the 
Young's modulus at SOZ ri  upper peak load is 2.S x 10° pel.  In Pink 
Tennessee marble it is 7.7 x 106 psl. Fatigue failure is preceded in long 
tests by a few cycles of rapidly increasing strain. 

Indiana limestone (Fig. 23) displays considerable hysteresis and non- 
linearity. Total cyclic creep of the upper peak strain is about 35-50 
pin/in.  ink Tennessee (Fig. 24) marble exhibits very little permanent 
strain in the first cycle, srd the stress-strain curve is almost perfectly 
linear throughouv the cyclin«, with negligible hysteresis and limited 
cyclic creep (10-15 win/in). 

The longitudinal strain in the cyclic tension rests was recorded by 
strsin gages mounted vertically on the specimens.  In both rocks it was 
noted that unless the fatigue tensile rupture  crsversed the strain gages, 
no acceleration was recorded of the permanent strain accumulation inmediately 
preceeding failure. This could imply that this stage of cyclic degradation 
is very localized in both rocks. Further indications of localized fatigue 
damage were obtained from observations described in the following sections. 

Retested Specimens 

As described in the previous report (1) cyclic fatigue in tension 
culminates in a tensile rupture not unlike that obtained in a static test. 
The question is whether the fatigue effect is indeed as localized as the 
rupture implies. In an effort to test the hypo the» is of localized fatigue., 

a number of cyclically felled specimena were regluad together in the plan« of 
rupture ani later retested. The reconstruction of the specimens was done 
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with the same epoxy ci^ent used to Join rock to end ceps. All excess 
epoxy was squeezed out and utmost care was takm to ensure that the 
alignment of the original specimen was not disturbed by the reglueing. 

The results are suooarlzed in Table 6.  Specimens Initially failed 
after less than 103 cycleg nhowed reduced fatigue resistance when retested. 
Those Initially surviving 10* cycles or more showed Improved fatigue 
resistance. In the two very short tests, the second failure surface was 
1/16 Inch away from the first, suggesting that there was some secondary 
damage adjacent to the original failure plane.  Such secondary damage 
in the form of a few minor additional cracks near the main one was 
commonly observed in both monotonic and fatigue failed specimens.  In the 
other specimens the second failure surface was at least 1/4 inch ixom the 
original and usually farther away. This seems to suggest that less 
secondary failure occurred in these specimens.  If the specimens had been 
completely homogeneous and if fatigue damage had been uniformly distri- 
buted over the specimens, all of them would have failed during the first 
cycles of the retest. That they did not, ani that some were actually 
stronger the second time suggests two hypotheses:  (a) tensile fatigue 
failure In rock is quite localixed, (b) fatigue damage becomes increasingly 
localized at smaller stresses. 

Microscopic Examination 

Most of the microscopic work was conducted on polished vertical 
sections of untested and tested (failed) specimens. In addition, in some 
Pink Tennessee marble specimens portions of the outside surface was polished 
prior to testing, photographed, subsequently fatigued and re-examined for 
before and after differences. 

Generally, in both Indiana limestone and Tennessee marble no appreciable 
fabric changes due to fatigue were observed. In the pre-photcgraphed speci- 
mens, however, it was noticed that some final failure surfaces followed the 
planes of pre-existing cracks. Frequently the final rupture surface cut 
across grains following cleavage planes. Preliminary results of the micro- 
scopic study support the hypothesis of localized fatigue damage and failure. 
A full account of the work will be included in the annual report. 
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COMCLUSIONS AMI mCTIQI   tPPLICATlOBS 

, Th. ..p.rl«.t^ «* c.rri.d out in th. fir« .1. .onth. of th. 

and Important findings of Its own. 

,.    Berea sa.stone and Westerly    «ranlte    U* ^^Ä^y 

J ^TcUc :"    tal^^or^rana limestone and Westerly 
%£TiL the prevl^sly test^ Tennessee marbe^howe^^^ 

considerable weakening when 8U^"te^"o
C^C;;de" Jycllc compression 

Li in addition Westerly    granlt* lost st""8f ""foOQ^;^    A1i these 
even when assisted by a con Ining ^^Ihi^^^ck Is 
results give -" -"^f.^^Tn ^ cannot Ignore the 
fatigue prone.    De8i8n "^f ruCC;r%fl,llflie strengths of each rock 
effects of repetitive loading.    The ***Jf J/«^  the effective 
as determined by the reported  teats «u" °e "T1*8,.^ fleld Can 
strengths of Intact rocks.    Since not ^very rock In ^«J^ 
be extensively tested.  It    s '^ .^^fTt Ts therefore 
formula based on the "8ul%°b
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rate static strength 

i        rc^-tr ^fu? n ^TiEtiv"9trenRth that can 
withstand static, dynanlc and cyclic loading. 

rcdacad when compared ""h nnprctallod ^i«!« thTSUt«" of 

^•J^"-^«^^.'^'«* a. encoontotod In 
underground pillars and walls. 
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tests, the shape 0V^ *:1 flllire In strain controlled testa, all 

strain curve for a rock "nder|.^*
C"1llch ^s^  and less time 

and trlaxlal stress configuration Is ««>"*£• the mmxnt  of 
consuming than W*^****-*™™,  pa" cuUr'strLflevel (whether 
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with the allowable magnitude fror the complete stress-strain curve, 
one could evaluate the atablllty condition and estlaate the amount 
of cyclic loading that the rock can still withstand. The shape of 
the complete stress-strain curve culd indicate the ranges of maxi- 
mum stress for which the rock is r,ore su  «ptlble to fatigue effects. 
These are the regions of minimum allows . permanent strain, usually 
caused by those portions of the desce«  g stress-strain curve having 

positive slopes. 

4. An additional indication that the maximum allowable permanent strain 
at a particular upper peak stress actually controls the fatigue 
endurance of rock was found in tests where the upper peak load was 
varied in two or three steps during cycling. The total permanent 
strain for the last maximum stress level used was Independent of 
the loading path, being apparently controlled only by the shape of 
the complete stress-strain curve. 

5. Experiments In uniaxlal tension with different cyclic amplitudes for 
the same upper peak stress shosed that the cyclic stress range 
considerably affects fatigue life.  In particular, the experiments 
implied that tension-compression cyclic loading could be the most 

damaging type. 

6. Previous investigation of the compression fatigue mechanism showed 
that the process of cumulative damage was spread through the entire 
specimen. In uniaxlal tension fatigue, however, fabric changes due 
to cyclic loading appear to be very localized, i.e., a few of the 
more crucial existing microcracks slowly enlarge until one gains on 
the others, propagates and splits the specimen. Other than the very 
close vicinity of the rupture plane no changes were observed in the 
internal structure of the rock. The implication here is that unlike 
compression fatigue, inpending tensile fatigue failure may give little 
warning in terms of deformation away from the critical flaw. 

FUTURE WORK 

1.  Complete th^ uniaxlal compression and tension cyclic testing. 

2. Establish the fatigue effect on rock under different triaxial conditions. 

3. Study fatigue characteristics of rock under tension-compression cyclic 

loading. 
* * 

4. Determine the mechanical response of non-intact rock to repetitive 

loading. 

5. Carry out fabric studies to complete the investigation of internal 

fatigue mechanisms. 



0 
i 

:. 

: 

I; 
e 

;: 

52 

REFERENCES 

1. Halnson, B. C., "Mtchanlcal Behavior of Rock under Cyclic Loading", 
Annual JRe^ort, ARPA Contract H0210OO4 Monitored by the Bureau of 
Mlnae, Twin Cltlta, June 1972. 

2. Pateraon, M. S., "Trlaxlal Testing of Materials at Pressures up to 
10,000 kg/sq. cm.", J. ln»t. Engrs.. Australia. Jan.-Feb. 1964. 

3. Wawerslk, W. R. and Brace. W. F., "Post-Failure Behavior of a 
Cranite and a Diabase". Rock Mach.. 3, 1971. 

4. Waweralk, W. R., "üetalled Analysis of Rock Failure in Laboratory 
Compression Tests", Ph. D. Thesis. University of Minnesota, 1968. 

5. Burdine, N. T., "Rock Failure under Dynamic Loading Conditions", 
ioc^_of_Peti^Entr8._J., March, 1963. 

*. 


